A variety of techniques for conformal radiation delivery to spinal lesions have been used. 1, 4, 8, 10, 16, 19, 23, 24, 26, 28, 30, 31, 42 Because of a lack of fixation devices to the spine, accuracy of radiation delivery has been a concern for targeting intradural tumors with radiosurgery. A concern has been raised about the ability to accurately and safely perform spine radiosurgery in such cases because of the proximity of the spinal cord and other critical structures. 3, 9 Recent advances in imaging and treatment-planning technologies have resulted in a higher degree of accuracy in achieving target selectivity. Accurate geometric visualization of the target is key for treatment planning. Cone-beam CT (CBCT) image guidance technology, which allows target confirmation, has been adopted for radiosurgery setup and delivery by a variety of radiosurgery delivery systems.
20,33
For the past decade, our institution has used CBCT image guidance for radiosurgery delivery to intradural spine tumors. The present study was performed to prospectively evaluate the accuracy of CBCT image guidance for treatment setup for patients with intradural tumors and to describe our clinical experience with this new technology.
Methods
Between 2007 and 2016, 82 patients with intradural spine tumors underwent radiosurgery treatment at our institution. All cases had well-circumscribed tumors visible on imaging, no spinal instability, and minimal compromise of spinal cord function. Position deviations during single-fraction treatments for the first 30 patients were prospectively, quantitatively evaluated and recorded for quality assurance (QA) purposes. The study cohort included 42 men and 40 women. Patient demographics are summarized in Table 1 .
Radiosurgery was delivered using either an Elekta Synergy S 6 MV linear accelerator with a beam modulator (Elekta AB) or a Varian Truebeam (Varian Medical Systems). In a plane orthogonal to the linear accelerator, the CBCT image guidance system is mounted on the gantry. The accelerators are equipped with a couch that allows for patient positioning correction in 3 translational and 3 rotational directions. Patients are immobilized with the BodyFix (total body bag, Medical Intelligence) when treatment sites are below T-6. Otherwise, a head and shoulder mask with S-board (CIVCO Medical Solutions) is used. CT images (1.5-mm slice thickness) were used to plan all spine radiosurgery treatments.
Initial patient setup was performed based on external setup marks followed by CBCT, and subsequent position adjustment was based on CBCT and treatment-planning CT image registration results (Fig. 1) . To verify the initial patient setup and ensure the accuracy of patient positioning during treatment, 3 QA CBCT studies were performed during the procedure. The first QA study was performed immediately before the treatment started; the second, in the middle of the procedure; and the last, immediately after completing treatment. This strategy was used to monitor patient movement after the initial setup had taken place. The positioning data and fused images of the planning CT scans and the CBCT images from the treatments were analyzed to determine intrafractional patient movements. From each of the 3 QA CBCTs, 3 translational and 3 rotational coordinates were obtained. Even very small patient positioning deviations observed after the initial CBCT were corrected in all cases.
results
The radiosurgery procedure was successfully completed for all patients. Lesion locations were the cervical (22 patients), thoracic (17 patients), lumbar (38 patients), and sacral (5 patients) spine. Tumor sizes ranged from 0.1 to 87 mm 3 for a large intradural nerve sheath tumor with extension through the neural foramen. Tumor histologies included schwannoma (27) , neurofibromas (18) , menin- Values are presented as the number of patients or tumors (%) unless specified otherwise.
gioma (16), and hemangioblastoma (8) ( Table 2) . Eighteen patients carried a diagnosis of neurofibromatosis and 6 a diagnosis of von Hippel-Lindau syndrome. Six histologies grouped as "other" included metastases (4), sarcoma (1), and unspecified nerve sheath tumor (1). Fourteen patients received prior conventional fractionated external-beam radiotherapy to the index lesion prior to radiosurgery. The treatments were delivered in a single fraction in 73 cases and in 3 fractions in 9 cases. Table 2 provides a summary of the quantitative and qualitative variables for each tumor subtype. The prescription dose was delivered to the margin of the tumor as seen on MR fusion imaging in all cases. The majority of the meningiomas were located in the cervical spine (56%) with a mean tumor volume of 1.98 mm 3 . These tumors were prescribed a mean dose of 18 Gy. The majority of the schwannoma cases were in the lumbar spine (44%) and had the highest mean tumor volume (12.3 mm 3 ); these tumors were prescribed a mean dose of 16 Gy. The 5 ependymoma cases were treated with a dose of 22 Gy. All of these tumors were extramedullary myxopapillary ependymomas of the filum terminale. Tumors associated with familial phakomatoses were divided into neurofibromatosis (both Type 1 and Type 2) (n = 18) and von Hippel-Lindau (n = 6). Tumors in patients with neurofibromatosis were mostly in the lumbar spine (61%), had a mean volume of 11. 2 mm 3 , and were treated with a mean dose of 18 Gy. In comparison, von Hippel-Lindau-related hemangioblastoma tumors had a mean volume of 2.2 mm 3 and were treated with a mean dose of 19 Gy.
Doses to the spinal cord and cauda equina were carefully monitored during the treatment-planning process and were kept as low as reasonably possible. A comparison between the location of the tumors within the spine and the volumes and doses is presented in Table 3 . The prescribed dose to the tumors of the cervical spine region was 13-27 Gy delivered in 1-3 fractions (mean 19 Gy). A mean volume of the spinal cord of less than 0.9 mm . The maximum dose to the lumbar cauda equina ranged from 5 to 21 Gy (mean 12 Gy). Five tumors were located in the sacral spine, with a mean volume of 5.5 mm
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. Tumors of the sacral region received relatively higher doses given the lack of concern for the spinal cord itself; a mean 1.2 mm 3 of the cauda equina of the sacrum received greater than 8 Gy. The maximum dose to neural structures in the sacral area ranged from 11 to 21 Gy (mean 13 Gy).
The initial 30 cases were analyzed for the accuracy of treatment setup. Intraoperative CBCT imaging and preoperative imaging for treatment planning are depicted in Fig. 1 . At the completion of the middle of the radiation delivery, the mean translational deviations and 1 standard deviation were 0.4 ± 0.5, 0.5 ± 0.8, and 0.4 ± 0.5 mm in the lateral (x), longitudinal (y) and anteroposterior (z) directions, respectively ( Table 4 ). The mean rotational deviations with 1 standard deviation were 0.3° ± 0.4°, 0.3° ± 0.4°, and 0.3° ± 0.4° in the pitch (x), roll (y), and yaw (z) directions, respectively. Similarly, the deviations after completion of radiation delivery were 0.5 ± 0.4, 0.5 ± 0.6, and 0.6 ± 0.5 mm along x, y, and z directions, respectively; the rotational deviations were 0.5° ± 0.5°, 0.4° ± 0.5°, and 0.2° ± 0.3° in the pitch (x), roll (y), and yaw (z) directions, respectively. Positioning deviations did not differ when compared by treatment segment of the vertebral column (i.e., cervical, thoracic, or lumbar). However, in general, more difficulties in patient setup were observed in the cases of cervical spine targets compared with thoracic and lumbar ones. Multiple CBCT images and patient repositioning before the treatment were often required to set up cervical spine patients accurately. Figure 2 demonstrates a case example of a symptomatic L-3 schwannoma treated with 12 coplanar beams in a single fraction.
Discussion
Stereotactic body radiosurgery has emerged as a minimally invasive treatment option in the multidisciplinary management of tumors located within or adjacent to the vertebral bodies or spinal cord.
4-6,10,24,28,31,37,41 The goals of radiosurgery for spinal tumors include local tumor control, improvement in existing rates of clinical response, and reduction of the treatment rate by increasing the biological equivalent dose.
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While there is ample literature focused on the use of radiosurgery for the management of malignant spinal neoplasms 4-7, 10, 11,16,21,23,24,26-28,30,41,42 and there are several studies that present radiosurgery as an alternative for the management of benign spinal tumors, 4, 10, 11, 12, 15, 17, 25 this study represents one of the largest cohorts to date describing the use of radiosurgery using CBCT image guidance for intradural spinal tumors. Shin et al. reported the clinical results of radiosurgery for intradural metastatic lesions. In their series, 9 patients with intradural tumors underwent radiosurgery for 11 lesions. 36 These investigators found radiosurgery to be both safe and effective. A concern has been raised regarding the risk of malignant transformation from irradiated peripheral nerve tumors in patients with neurofibromatosis. No case of malignant transformation has been published to date after radiosurgery. There is a possibility that high-dose, highly conformal radiosurgery would lower the risk of radiation-induced malignant transformation compared with the conventional lower dose, fractionated radiotherapy due to a different radiobiological mechanism of action. To deliver conformal doses necessary for extracranial radiosurgery, the current radiosurgery techniques use either image-guided robotic technology to adjust the trajectory of the beam delivery system or micromultileaf collimated beams to generate intensity-modulated radiotherapy (IMRT). 8, 38, 40 The treatment plan must be confor- mal to the tumor, while achieving steep dose gradients at the margin and the immediate surrounding normal tissue.
With the more widespread adoption of spine radiosurgery as part of the multimodality postoperative treatment paradigm of spinal neoplasms, a significant number of patients referred for spine radiosurgery have intradural tumors. The present study was undertaken to evaluate the efficacy of CBCT and safety of CBCT-guided spine radiosurgery for patients with intradural tumors. Online image guidance represents a significant advance in the field of spine radiosurgery. The safety and efficacy of this technique (image-guided IMRT) in the management of spinal and paraspinal tumors has been investigated. 22, 40 Online image guidance provides a high degree of precision in tumor targeting, which is required for the safe and effective treatment of intradural spinal tumors.
A variety of conventional linear accelerator-based systems are now available for spine radiosurgery. For delivery of radiosurgery in this series of patients, a rotatable gantry allows 360° rotation of the source for multiple beam directions. Highly conformal radiosurgery plans can be created by selecting the number of beams, beam angles or directions, and modulation of beam intensity by the IMRT stepand-shoot technique. Critical structures can be avoided by selecting proper beam angles. The beam can be further modified using a multileaf collimator, which can shape the field size and modulate the beam intensity. The small size of these leaves (millimeters) allows for the accurate delivery of radiation to extremely small field sizes. Each beam of radiation can be considered to be combination of several beamlets (segments) each of which can be modulated into varying intensities using a multileaf collimator (IMRT).
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Cone-beam CT imaging for radiosurgery is a relatively recent imaging technique that uses a gantry-mounted kilovoltage source and detector. 34 Several hundred projection images can be acquired by 1 gantry rotation. Other systems use megavoltage cone-beam imaging. 20 These are converted into CT-like axial slices. The cone-beam scans provide extremely high spatial resolution of both bony and soft-tissue structures, which helps in achieving submillimeter targeting accuracy. 41 The linear accelerator platforms used to treat the patients in this series are optimized for image-guided radiation therapy by enabling the acquisition of a high-definition 3D volume image at the time of treatment with the patient in the treatment position. The machine combines a linear accelerator with a fully integrated onboard 3D volume imaging system that allows for the target to be visualized at the precise time of treatment while the patient is on the treatment couch. The couch can be adjusted to ensure that the radiation beam is directed precisely to the target.
The current study demonstrated our technique and experience using CBCT technology for radiosurgery image guidance for intradural tumors of the spine. These position variations do not differ significantly from our QA experience in other spine radiosurgery cases.
14 It was demonstrated in this study that careful verification of patient setup before and during the treatment can ensure high setup accuracy typically within 0.5 mm in 3 translational coordinates and 0.5° in 3 rotational angles.
The low radiation tolerance of the spinal cord is the primary limiting factor in the dose of therapeutic ionizing radiation that can be used for spinal tumors. Although a consensus has not been reached regarding the exact dose of radiation tolerated by the spinal cord, 2, 18, 29, 35, 38 our pretreatment planning aims to deliver a dose less than 8 Gy to both the spinal cord and cauda equina.
Conclusions
Radiosurgery offers an alternative treatment option for intradural spine tumors in patients who may not be optimal candidates for open surgery. Cone-beam CT image guidance for patient setup for spine radiosurgery is accurate and safe in patients with intradural tumors.
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